Many ions are known to affect the activity, stability, and structural integrity of proteins. Although this effect can be generally attributed to ion-induced changes in forces that govern protein folding, delineating the underlying mechanism of action still remains challenging because it requires assessment of all relevant interactions, such as ion-protein, ion-water, and ion-ion interactions. Herein, we use two unnatural aromatic amino acids and several spectroscopic techniques to examine whether guanidinium chloride, one of the most commonly used protein denaturants, and tetrapropylammonium chloride can specifically interact with aromatic side chains. Our results show that tetrapropylammonium, but not guanidinium, can preferentially accumulate around aromatic residues and that tetrapropylammonium undergoes a transition at ∼1.3 M to form aggregates. We find that similar to ionic micelles, on one hand, such aggregates can disrupt native hydrophobic interactions, and on the other hand, they can promote α-helix formation in certain peptides.
T he stability of a protein, or more precisely, the free energy difference between its folded and unfolded states, can be modulated by various solution properties. For example, addition of another solute to a protein solution can result in either a decrease or an increase in this protein's stability (1) (2) (3) . The most noticeable example in this regard is the Hofmeister series (4-6), a group of ions that are ranked based on their protein-denaturing abilities. Among this series, the guanidinium ion (Gdm + ) is the most widely used chemical agent in protein denaturation due to its strong destabilizing effect and high solubility in water. Consequently, its mechanism of action has been subjected to extensive studies (7) (8) (9) (10) (11) (12) (13) (14) . Although different interpretations have been put forth (15) (16) (17) , the generally accepted notion is that Gdm + denatures a protein by preferentially interacting with its peptide groups (7, 11, 18) , including certain side chains (11, (19) (20) (21) (22) . In particular, it has been hypothesized that Gdm + , which exists in aqueous solution as a rigid, flat object (12, 18, 19) , can engage in stacking interactions with amino acids consisting of planar side chains, such as arginine (Arg) (19) , asparagine (Asn) (11, 20) , glutamine (Gln) (11, 20) , and aromatic residues (20) (21) (22) . However, to the best of our knowledge, the only experimental evidence that supports this hypothesis comes from crystallographic data (20) (21) (22) , which show that the guanidinium group of Arg is more frequently found to be stacked against the side chain of tyrosine (Tyr) or tryptophan (Trp) in proteins. Therefore, additional experimental studies that can directly probe such stack interactions in solution are needed.
Another ion in the Hofmeister series that has a similar proteindenaturing capability to Gdm + is tetrapropylammonium (TPA + ) (23) . However, a recent study by Dempsey et al. (24) found that although TPA + , like Gdm + , can denature a tryptophan (Trp) zipper β-hairpin (i.e., trpzip1) at a sufficiently high concentration (>1.0 M), it stabilizes this β-hairpin at lower concentrations and also the α-helical conformation of an alanine-based peptide. This observation led them to conclude that a TPA + ion, which has four roughly flat faces, can interact favorably with planar aromatic side chains but is excluded from interacting with peptide backbone due to its large size (24) . Although the finding that TPA + can denature trpzip1 is consistent with an earlier molecular dynamics (MD) simulation (23) , which revealed that TPA + has a longer residence time on the indole ring of Trp than on other nonaromatic side chains in the peptide melittin, the stabilizing actions of TPA + remain to be explained (24) . In addition, results obtained with dielectric spectroscopy (25) and ultrafast infrared (IR) spectroscopy (26) on a series of tetra-n-alkylammonium salts indicated that ions consisting of long alkyl chains, such as TPA + , can cause the motion of nearby water molecules to slow down, owing to their larger hydrophobic surfaces and hence the so-called hydrophobic hydration. However, it is not clear how such hydration property of TPA + would contribute to its interaction with different protein moieties.
Although previous studies (23, 24) have provided many insights on the protein denaturation mechanisms of Gdm + and TPA + ions, their molecular actions have not been directly probed from the perspective of the protein. In this regard, it would be quite advantageous to devise an experimental approach that is capable of revealing information on specific interactions of interest, such as interactions between Gdm + /TPA + ions and a specific amino acid side chain. To achieve this goal, herein we use multiple spectroscopic methods and two unnatural amino acids, p-cyano-phenylalanine (Phe CN ) and 5-cyano-tryptophan (Trp CN ), to directly assess whether protein aromatic side chains can preferentially interact with Gdm + and TPA + ions. Both the C≡N stretching vibration (27, 28) and fluorescence quantum yield (29, 30) of Phe CN and Trp CN have been shown to be sensitive to their local environment. Thus, the premise of our study is that any specific ion-side chain Significance Ever since the discovery by Franz Hofmeister in 1888 that a series of salts (now commonly referred to as the Hofmeister series) can have different but consistent effects on the solubility and hence stability of proteins, many studies have been devoted to understanding how such effects are achieved. However, examining any specific mode of ion-protein interactions has proven to be difficult. Herein, we demonstrate, using guanidinium and tetrapropylammonium as examples, that it is possible to use multiple spectroscopic methods and unnatural amino acids that have distinct, environment-sensitive fluorescence and infrared properties to explicitly assess how these ions interact with a specific type of amino acid side chains, thus yielding microscopic insights into their protein-denaturing mechanisms. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: gai@sas.upenn.edu. interaction will manifest itself as a change in the local hydration and electrostatic environment of the spectroscopic probe used, which can be assessed by either infrared (IR) or fluorescence spectroscopy. Several previous studies (27, (31) (32) (33) have demonstrated that 2D IR spectroscopy is ideally suited to study such changes because it is capable of reporting the frequency-frequency correlation function of the IR vibration in question and hence the dynamics of motions (arising from both hydration and protein conformational heterogeneities) that contribute to the overall bandwidth of the IR spectrum. Our results show that contrary to the conventional expectation, Gdm + does not specifically stack on aromatic side chains. On the other hand, consistent with molecular dynamics simulations (23) , TPA + exhibits a strong affinity toward aromatic side chains, and at ∼1.3 M, TPA + aggregates to form clusters that provide an interfacial region, which, similar to that found in lipid membranes and micelles (34) , can help anchor Trp side chains and also promote α-helix formation in alanine-based peptides, due to dehydration and hence a lower dielectric environment.
Results and Discussion
To access whether Gdm + and TPA + can specifically interact with the two aforementioned aromatic unnatural amino acid side chains (i.e., Phe CN and Trp CN ) in a polypeptide environment, we first examined the dynamics of the C≡N stretching vibration of two peptides, Gly-Phe CN -Gly and Gly-Trp CN -Gly (hereafter referred to as GF CN G and GW CN G, respectively), in the presence and absence of Gdm + and TPA + ions using Fourier transform infrared (FTIR) and 2D IR spectroscopies. We chose these peptide sequences to ensure the full exposure of the respective aromatic side chains to solvent and to avoid any side chain-side chain interactions. The latter could complicate interpretation of the spectroscopic results. We then further verified our finding on Trp CN -TPA + interactions using a longer peptide with the following sequence: SW CN TAENGKATW CN K (hereafter referred to as 2W CN P). In addition, we also used an alanine-based peptide (sequence: GKAAAAKW CN AAAW CN KAAAAKG) and an antimicrobial peptide (sequence: INWKGIAAMAKKLL), both of which can be induced to form α-helix by TFE, to test the helixinducing ability of TPA + ions. Wherever applicable, we also carried out fluorescence and circular dichroism (CD) measurements to substantiate the IR results.
Linear and 2D IR Studies. As shown ( Fig. 1 and SI Appendix, Table  S1 and Fig. S1 ), the FTIR spectra of GF CN G and GW CN G obtained under different solvent conditions indicate that both Gdm + and TPA + (at high concentrations) affect the C≡N stretching vibrations of Phe CN and Trp CN in these peptides. Specifically, in 6.0 M GdmCl solution the C≡N stretching bands of both peptides show a small but measurable red-shift (i.e., ∼1.6 cm −1 for GF CN G and ∼1.3 cm −1 for GW CN G) in comparison with their respective peak frequencies in pure water. In addition, the width of these bands shows a slight increase (<10%) in the presence of 6.0 M GdmCl. The FTIR results obtained with GF CN G are consistent with those determined by Ma et al. (27) and Pazos et al. (35) . Addition of 2.0 M TPACl results in a similar but more pronounced effect on the C≡N stretching vibration of these peptides-it shifts the peak frequency by ∼2.8 cm −1 for both peptides, and perhaps more importantly, it increases the bandwidth by ∼31% for GF CN G and ∼18% for GW CN G (SI Appendix, Table S1 ). In comparison, these linear IR results indicate that TPA + has a larger effect on the local environment of the C≡N probe than Gdm + . For both Phe CN and Trp CN , upon changing the solvent from water to tetrahydrofuran (THF) the C≡N stretching vibrational band is shifted to a lower frequency and also becomes narrower (28, 36) . Therefore, these linear IR results further suggest that (i) both TPA + and Gdm + (to a lesser extent) can affect the local hydration status of aromatic side chains and (ii) TPA + , but not Gdm + , can specifically accumulate around those aromatic moieties because the latter does not lead to any significant increase in the IR bandwidth and hence the inhomogeneous part of the C≡N vibrational linewidth. In other words, our findings suggest that Gdm + only indirectly affects the hydration properties of aromatic side chains.
To provide a more quantitative assessment of the effect of Gdm + and TPA + on the dynamics of the C≡N stretching vibration of those peptides, we performed 2D IR measurements. For an inhomogeneously broadened IR band, its diagonal 2D IR peak at a relatively short waiting time (i.e., T) would assume an elliptical contour (37) . As shown ( Fig. 2 and SI Appendix, Fig. S2 ), the 2D IR spectra of GF CN G and GW CN G obtained under different solvent conditions all have an elongated shape along the diagonal direction at T = 250 fs, confirming that the corresponding linear IR bands are inhomogeneously broadened. Based on the method of Kwak et al. (38) , we further determined the inhomogeneous contribution to the total bandwidth in each case. As indicated (SI Appendix, Table S2 ), the results corroborate the aforementioned notion that TPA + ions can preferentially interact with Phe CN and Trp CN , leading to an increase in the inhomogeneous part of the bandwidth. In addition, those 2D spectra indicate that Gdm + and TPA + have distinctly different effects on the spectral diffusion dynamics (i.e., the change in the shape of a 2D IR signal as a function of T) of the C≡N vibration in those peptides. Following the work of Fayer and coworkers (38), we quantified the spectral diffusion dynamics using the center line slope (CLS) method. Consistent with previous 2D IR studies on the C≡N stretching vibration in the condensed phase, the CLS −1 versus T plots of GF CN G and GW CN G obtained in pure water and solutions containing 6.0 M GdmCl or 2.0 M TPACl can be fit by the following single-exponential function (Fig. 3 ) with those parameters listed in SI Appendix, Table S1 :
The exponential term in this equation arises from a spectral diffusion process that is resolvable within the time window of the 2D IR experiment, whereas the offset term (i.e., B) represents the total contribution from other underlying dynamic processes that are too slow to be resolved (27, (31) (32) (33) . Combined, these processes determine the total inhomogeneous bandwidth of the C≡N stretching vibration. For an oscillator that is capable of forming hydrogen bonds with water, such as the CN group in the current case, the exponential component in Eq. 1 is typically attributed to the dynamics of hydrogen bonds formed between the oscillator and water molecules (27, (31) (32) (33) . As shown (SI Appendix, Table S1 ), for both GF CN G and GW CN G, the major effect of 6.0 M GdmCl is manifested by a modest increase in the offset B value, which, according to previous studies (31), could be attributed to the increase in viscosity. Thus, this finding is consistent with the linear IR results and also the abovementioned notion that GdmCl does not increase in any significant manner the inhomogeneity of the environment sampled by Phe CN and Trp CN in these peptides. On the contrary, the effect of 2.0 M TPACl on the spectral diffusion dynamics of the C≡N stretching vibration of both peptides is much more pronounced (SI Appendix, Table S1 ), with a substantial increase in the B value in both cases. This result indicates that at a concentration of 2.0 M, TPA + ions can effectively slow down certain dynamic motions in both peptides that contribute to the spectral diffusion dynamics of the C≡N stretching vibration and hence its IR bandwidth. Thus, this finding corroborates the conclusion reached above that TPA + ions specifically accumulate around aromatic side chains, likely through the stacking interactions suggested by Mason et al. (23) .
A closer comparison of the spectral diffusion dynamics of the C≡N probes in GF CN G and GW CN G obtained in 2.0 M solution of TPACl further indicates that TPA + ions affect the hydration status of Phe CN and Trp CN differently (Fig. 3 and SI Appendix, Fig. S3 ). It is apparent that for GF CN G, interacting with TPA + ions does not result in any significant change in the hydrogen-bonding component of the spectral diffusion dynamics, whereas for GW CN (29) . As shown (Fig. 4, Inset) (Fig. 4) . This indicates that there is a distinct transitional event occurring at about 1.3 M. A dielectric spectroscopy study by Buchner et al. (25) on tetrapropylammonium bromide (TPABr) aqueous solutions showed that the dispersion amplitude of the water trapped in the hydration shell of TPA + ions increases with [TPABr] and reaches a maximum at 1.3 M, which, based on neutron scattering experiments (40) , was attributed to TPA + aggregation taking place at concentrations above this critical value. Similarly, the study of Bakker and coworkers (26) on the dynamics of water surrounding tetra-n-alkylammonium ions with long alkyl chains also suggested ion aggregation. Thus, taking those previous findings into consideration, our IR and fluorescence results provide direct evidence that aggregated and nonaggregated TPA + ions have different effects on the hydration dynamics of the side chain of Trp CN and, perhaps more importantly, that aggregated TPA + ions are more effective in dehydrating Trp CN (and hence Trp). The latter is reminiscent of the phenomenon that Trp prefers the interfacial region of lipid membranes (41) and association with this region leads to dehydration of its indole moiety (42) . Thus, this result suggests that above the critical concentration of 1.3 M, TPA + ions aggregate to form clusters that exhibit a distinct water-hydrophobic interface. Furthermore, considering the finding of Dempsey et al. (24) that TPA + shows a denaturing effect toward trpzip1 only when its concentration is higher than 1 M, we believe that the aggregated and nonaggregated TPA + ions have different effects on protein hydrophobic interactions and that the proteindenaturing ability of TPA + arises from its aggregated clusters.
Effect on a Longer Peptide. To further validate the findings obtained with GW CN G, we used the same approach to study a longer peptide, 2W CN P. As shown (SI Appendix, Table S4 and Fig. S12 ), the linear IR spectroscopic properties of the C≡N stretching vibration of 2W CN P obtained in 6.0 M GdmCl and 2.0 M TPACl solutions are almost identical to those of GW CN G obtained under the same solvent conditions. However, the C≡N stretching vibrational band of 2W CN P in pure water is broader than (by ∼1.1 cm
) and redshifted from (by ∼0.8 cm ) that of GW CN G. This suggests that in comparison with GW CN G, the longer 2W CN P peptide can sample a larger conformational space, as expected. In fact, the 2D IR spectra of 2W CN P in pure water (SI Appendix, Fig. S13) show that there are two resolvable spectral features within the profile of the linear C≡N stretching band, at ∼2,225 (strong) and ∼2,217 cm −1 (weak), indicative of two distinct population ensembles. As shown (SI Appendix, Fig. S14 ), the CD spectrum of 2W CN P in pure water consists of not only a broad, negative-going band at 198 nm expected for a disordered peptide but also a weak CD band at ∼245 nm. Previously, we have shown that in a well-folded peptide structure, a pair of nearby Trp CN residues can produce a strong CD couplet at this wavelength due to excitonic coupling (43) . Thus, the CD spectrum of 2W CN P is not only consistent with the 2D IR results but also suggests that the minor population ensemble corresponds to a more compact conformation wherein the two aromatic side chains are in close proximity. In 6.0 M GdmCl solution this excitonic CD band only becomes weaker, which supports the notion that Gdm + ions do not specifically and strongly interact with the side chain of Trp CN . One the other hand, this excitonic CD band is not detectable in 2.0 M TPA solution, suggesting, once again, preferential binding of TPA + to Trp CN side chains. What is more, the CD spectrum of 2W CN P in 2.0 M TPACl solution is composed of two negative-going peaks, centered at ∼205 and ∼225 nm, suggesting that TPA + ions promote formation of (partial) α-helical structures. This finding is consistent with the study of Dempsey et al. (24) , which showed that 2 M TPACl promotes α-helix formation in an alanine-based peptide.
As shown (Fig. 5) , the spectral diffusion dynamics of the C≡N stretching vibration of 2W CN P in pure water exhibits a similar hydrogen-bonding kinetic phase comparing to that of GW CN G; however, the corresponding static component is much larger. This is well expected for a longer peptide consisting of different side chains because a greater portion of the conformational dynamics contributing to the linear IR bandwidth will occur on a timescale that is too slow to be explicitly time resolved. As similarly observed for GW CN G, addition of 2.0 M TPACl to 2W CN P solution essentially abolishes any observable hydrogen-bonding dynamics and also substantially increases the static component in the spectral diffusion dynamics (Fig. 5) . Thus, these results provide confirmation that TPA + ions have a strong affinity toward Trp and the underlying Trp-TPA + interactions lead to dehydration of the indole ring. This notion is further substantiated by the fact that the Trp CN fluorescence intensity of 2W CN P in 2.0 M TPACl solution is ∼10 times larger than that in pure water (SI Appendix, Fig. S15 ). Addition of 6.0 M GdmCl results in a decrease in the static component of the spectral diffusion dynamics of the C≡N stretching vibration of 2W CN P (Fig. 5) . This result has two implications: (i) it supports the notion that Gdm + ions do not strongly interact with protein aromatic side chains and (ii) it shows that as observed in a previous study (31) , Gdm + reduces the distribution of peptide conformational states that interconvert on a timescale too slow to be captured by 2D IR measurements.
Implication on the Protein Denaturizing Mechanisms of TPA + and Gdm + . Because of its enormous importance in chemistry and biology, the effect of ions on the activity and structural integrity of proteins has been the subject of extensive studies (5) . For a specific ion, its mechanism of action is often assessed by examining its ability to alter the hydrogen-bonding structure and dynamics of water, its affinity toward specific amino acid side chains, and its interaction with protein backbone units. For Gdm + and TPA + , it has been suggested that they denature proteins by directly interacting with various protein components (7, 11, (18) (19) (20) (21) (22) (23) (24) . By taking advantage of two amino acid-based spectroscopic probes and multiple spectroscopic techniques, herein we assess whether these ions can alter the hydration and conformational dynamics of aromatic side chains in a peptide environment. Taken together, our results show that Gdm + does not strongly bind to aromatic side chains and hence is more likely to denature proteins through interactions with the backbone. Of course, as a salt, GdmCl can also screen electrostatic interactions that stabilize a protein's native state. On the other hand, TPA + does interact favorably with aromatic side chains, especially the indole ring of Trp. Furthermore, TPA + exhibits a behavior common to detergents or surfactants (44) as it undergoes a distinct transition when the concentration reaches a critical value (∼1.3 M) to form aggregates or clusters. Although the current study cannot reveal the structural characteristics of such TPA + clusters, we believe that their mode of interaction with proteins is, at least to some extent, similar to that of ionic surfactants. This is because similar to the surfactant SDS, which denatures globular proteins by forming micelles and produces a denaturedstate rich in α-helices (44), TPA + clusters are able to disrupt the native hydrophobic interactions among aromatic side chains in a β-hairpin, causing it to unfold (24) , and at the same time, are able to promote α-helical structure formation in an alaninebased peptide (24) . Despite these similarities, clusters formed by TPA + ions are expected to be different from SDS micelles in many aspects. This is because the polar group of TPA + , unlike that of SDS or other surfactant molecules, is situated at the center of the molecular ion and hence renders it impossible to yield a membrane-like environment as SDS does. Indeed, our CD results (SI Appendix, Figs. S16 and S17) show that although TPA + clusters can induce α-helix formation in an alanine-based peptide, as observed by Dempsey et al. (24), they do not increase the α-helicity of a Trp3/Trp CN mutant of the antimicrobial peptide mastoparan-X that is known to form an amphipathic α-helix upon binding to the interfacial region of lipid micelles or membranes (30) . These results suggest that unlike membrane-mimic micelles formed by surfactants, a single TPA + cluster is unable to provide a continuous water-hydrophobic interface large enough to host an entire α-helix. Instead, the helix-promoting ability of TPA + clusters is likely achieved by interacting with aromatic and hydrophobic side chains in the peptide, which brings the corresponding backbone unit(s) to a relatively low dielectric environment and hence increases the possibility of local, backbone hydrogen bond formation (45) . This picture is consistent with the fact that the α-helix-promoting ability of TPA + clusters depends on the peptide sequence. For an alaninerich α-helix, most side chains are not only identical but also quite uniformly and symmetrically distributed along the helical axis. This uniform and symmetrical distribution of TPA + -interacting hydrophobic side chains allows multiple TPA + clusters to be accumulated around the peptide, which, collectively, yields a channel-like environment favorable for α-helix folding. However, for a peptide with many different side chains, although simultaneous interactions with multiple TPA + clusters are still feasible, there is no guarantee that these clusters are adjacent to each other, thus reducing the possibility of forming a continuous membrane-like environment across the entire peptide and hence α-helix formation. Finally, it is worth noting that unlike clusters formed by protein-protecting cosolvents (46) that are excluded from the protein surface, the excluded-volume or crowding effect of TPA + clusters is more localized and, as a result, will not increase the protein stability through this entropic cause.
Conclusions
There are numerous examples in the literature documenting and investigating the effect of ions on the physical and/or chemical properties of proteins and, among which, studies on proteindenaturing ions, such as Gdm + , are especially prevalent due to their important utility in protein science. Despite previous efforts, however, we still lack a molecular-level understanding of the proteindenaturing mechanism of many ions, especially organic ions. This is because such ions can, in principle, engage in specific interactions with protein side chains, an aspect that is difficult to assess experimentally. Herein, we use two unnatural amino acids, Phe CN and Trp CN , both of which have been shown to be useful as site-specific IR and fluorescence probes of protein local environment, and multiple spectroscopic techniques to examine whether Gdm + and TPA + specifically interact with aromatic side chains in a peptide environment. Our 2D IR results show no evidence of this interaction for Gdm + because it does not change the spectral diffusion dynamics of the site-specific IR probes in any significant manner at the concentration of 6.0 M. Thus, as suggested by other studies (7, 9, 11, 47) , Gdm + most likely denatures proteins by binding to their backbone units or charged side chains. On the other hand, TPA + does exert a strong effect on the spectral and dynamic properties of those probes and, at 2.0 M, causes Trp CN to be dehydrated. Moreover, our fluorescence data show that TPA + undergoes a transition in ionic aggregation state at ∼1.3 M, akin to the micellization behavior of surfactants. Taken together, these findings suggest a protein-denaturing action, similar to that found for ionic micelles, wherein TPA + clusters disrupt native hydrophobic interactions by accumulating around hydrophobic side chains. In addition, as observed for micelles and membranes, the TPA + clusters appear to have an interfacial region that promotes α-helix formation in certain peptides and also provides an anchoring position for the side chain of Trp CN (and hence Trp). Furthermore, considering the importance and complexity of the ion-protein interaction problem, we believe that the current study demonstrates an approach of using site-specific vibrational and fluorescent probes in different protein moieties to help tease out relevant molecular information about specific interactions between the ion and side chain of interest. Currently, we are using different unnatural amino acid-based IR probes and 2D IR spectroscopy to investigate whether Gdm + ions specifically interact with other types of amino acid side chain.
Materials and Methods
All peptides used in the current study were synthesized using standard 9-fluorenylmethoxy-carbonyl (Fmoc) methods. FTIR spectra were collected on a Thermo Nicolet 6700 FTIR spectrometer. Fluorescence spectra were collected on a Jobin Yvon Horiba Fluorolog 3.10 spectrofluorometer. CD spectra were measured on an Aviv 62A DS spectropolarimeter (Aviv Associates). The 2D IR spectra were collected on a home-built 2D IR apparatus in a boxcar geometry with heterodyne detection. The details of the sample preparation and all spectroscopic measurements are given in SI Appendix.
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